& Key message The invasion of moso bamboo (Phyllostachys edulis (Carriere) J. Houzeau) into neighboring Cryptomeria japonica (L. f.) D. Don plantations significantly altered soil P status and dynamics. This alteration in phosphorus dynamics must be considered when assessing the ecological consequence of moso bamboo invasion in subtropical China.
Introduction
Moso bamboo (Phyllostachys edulis) is widely distributed in subtropical China (Wang et al. 2013) . Because of its typical clonal propagation, moso bamboo often spreads into the adjacent communities due to the extension of its underground rhizomes (Wang et al. 2016a) . Over the last decades, the invasion of moso bamboo into adjacent forests has frequently been reported, particularly in the nature reserves where the harvesting of moso bamboo is prohibited Bai et al. 2016; Li et al. 2017a) . As a result, several recent studies have regarded moso bamboo as a potentially invasive species in the subtropical regions (Mertens et al. 2008; Song et al. 2016; Ying et al. 2016; Li et al., 2017b) .
Unconstrained, moso bamboo invasions may significantly alter the composition, structure, and function of the impacted forest ecosystems. Because of its clonal reproduction, moso bamboo can quickly form a monoculture and displace other tree species (Suzuki. 2015) . In addition, recent studies have also reported that moso bamboo invasion affected physical, chemical, and biological soil properties (Lin et al. 2014; Fukushima et al. 2015; Shinohara and Otsuki 2015; Chang and Chiu 2015; Xu et al. 2015; Wang et al. 2016b; Song et al. 2017; Li et al. 2017a; Qin et al. 2017; Shiau and Chiu 2017) .
Most studies on the effect of moso bamboo invasion focused on the soil C and nitrogen (N) dynamics in the forests invaded by moso bamboo. Bai et al. (2016) reported that moso bamboo encroachment into evergreen broad-leaved forests not only substantially altered soil C and N pools but also changed the distribution pattern of C and N; Song et al. (2016) found that the expansion of bamboo (Phyllostachys heterocycla (Carr.) Mitford cv.) into neighboring evergreen broad-leaved forests reduced soil N mineralization rate. In addition to C and N, previous studies also reported the effects of bamboo invasions on other soil nutrients. Umemura and Takenaka (2015) indicated that the soil exchangeable Ca, K, and Mg contents in the hinoki cypress (Chamaecyparis obtusa Sieb. et Zucc.) forests showed significant differences after the invasion by moso bamboo. Ikegami et al. (2014) found that when non-bamboo forests were expanded and dominated by bamboo species, the available silica concentration in the surface soil was significantly increased. To our knowledge, however, no studies have ever examined the effects of moso bamboo on soil phosphorus (P) dynamics.
In subtropical China, P is often the most limiting nutrient (Elser et al. 2007) , and P availability may become even more limiting due to the increasing atmospheric N deposition (Liu et al. 2011; Deng et al. 2016) . Furthermore, the altered C and N dynamics due to moso bamboo invasion could also have significant implications for P availability. Currently, many Cryptomeria japonica plantations at Lushan Mountain Nature Reserve have been invaded by moso bamboo, which significantly affected soil N dynamics (Li et al. 2017a ). These plantations have also faced many problems, including low species diversity, simplified structure (monoculture with a poorly developed shrub and herb layer), and poor resistance to natural disturbances. Therefore, the objective of this study was to investigate how moso bamboo invasion into C. japonica plantation affected soil P dynamics. Specifically, we quantified total P, available P, acid phosphatase activity (APA), and microbial soil biomass P (MBP) and their seasonal patterns in invaded C. japonica stands and compared them to uninvaded stands and pure moso bamboo stands. We hypothesized that the invasion of moso bamboo into C. japonica stands would increase available P concentration, soil APA, and MBP concentration but decrease total soil P concentration.
Materials and methods

Study area
This study was conducted at Lushan Mountain Nature Reserve in Jiangxi Province of China (29°31′~29°41′ N, 115°51′~116°07′ E). The study area is characterized by a subtropical monsoon climate. The annual mean temperature is 12.4°C, and annual mean precipitation is 2587 mm during the study period. June is the warmest month with a mean temperature of 21°C, while January is the coldest month with a mean temperature of 1.4°C. The monthly rainfall and air temperature during the study period are given in Fig. 1 .
Situated in the center of the vast plain of the middle and lower reaches of the Yangtze River, Lushan mountain is an isolated mountain body that covers an area of about 300 km 2 , ranging from 30 to 1474 m a.s.l. According to the FAO soil texture classification, soil types in Lushan change from ferric alisols at low elevations to haplic alisols at high ones (Liu and Wang. 2010) . Evergreen forests are dominated by several Fagaceae tree species at the low altitudes (50-600 m a.s.l), and some evergreen woodland species and shrubs. Deciduous trees grow at the elevation of 600-1000 m a.s.l., where extensive C. japonica plantations were also established about 50 years ago (Liu and Wang. 2010 ).
Sampling design
This study was conducted based on Forestry Standards "Observation Methodology for Long-term Forest Ecosystem Research" of the People's Republic of China (LY/T 1952 (LY/T -2011 . We sampled three forests, each consisted of three stand types: pure Cryptomeria japonica (CR), mixed Phyllostachys edulis-Cryptomeria japonica (PH-CR), and pure Phyllostachys edulis (PH) stand. As a result, a total of nine plots were sampled. The three CR plots were planted in 1950 while the three PH plots were of natural origin. The three PH-CR plots resulted from the invasion of Phyllostachys edulis into adjacent Cryptomeria japonica stands, and currently had an even mixture of both species. In each sampled forest, one 20 × 20 m plot was established within each stand type in November 2014, and all three sampled plots in each forest had a similar slope, aspect, and slope position.
Data collection
Soil samples were collected every month, from November 2014 to October 2016 (24 months in total), to evaluate the temporal changes in soil P dynamics. On each plot, soil samples from the top layer (0-20 cm) were collected with a soil auger (6 cm diameter × 20 cm height). Five soil cores in each plot were mixed thoroughly then brought back to the lab by an ice-box within 24 h. The litter layer and humus above mineral soil was removed before the soil was taken.
Half of the fresh soils were stored at 4°C, and used to determine available P, APA, and MBP; the other part of the soil was air dried, and the roots or visible plant residuals were removed. These dried and cleaned soil samples were then finely ground in a ball mill and used to determine total soil P. Soil available P was extracted using HCl-NH 4 F solution and determined by molybdenum-antimony anti-colorimetric assay (Liu. 1996) . Soil acid phosphatase activity (APA) was determined using para-nitrophenyl phosphate (p-NPP) as the substrate and a slight modification (1 mL 2 M calcium chloride (CaCl 2 ) and 4 mL 0.2 M sodium hydroxide (NaOH) were added to stop the reaction and to extract the p-NP formed) to the original method (Schneider et al. 2000) . Microbial biomass P (MBP) was calculated as the difference between PO 4 -P in fumigated and non-fumigated extracts. Extractable PO 4 -P in the fumigated and non-fumigated extracts was determined colorimetrically, using the malachite green method adapted for a plate reader. The extracting solution was 1 M KCl (2 h), 0.1 M NaOH (17 h), and 0.5 M HCl (24 h) (D'Angelo et al. 2001) . Total soil P concentrations were measured using molybdate-blue reaction (Lu. 1999 ) with a UV-2450 spectrophotometer (Shimadzu Scientific Instruments, Japan). Total soil organic C was determined using the K 2 Cr 2 O 7 -H 2 SO 4 digestion method (Nelson and Sommers. 1975) . Total soil N was analyzed with the Kjeldahl method (K-370, Buchi Scientific Instruments, Switzerland). Soil available N (sum of the ammonium nitrogen, nitrate nitrogen, amino acid, and readily hydrolyzed proteins nitrogen) was measured through the oxidation hydrolyzed into ammonia nitrogen, then absorbed by the boric acid solution and determined by sulfuric acid and titration (Liu. 1996) . Soil bulk density was determined using a soil core (Lampurlanés and Cantero-Martinez. 2003) . Soil pH was determined with a Mettler-S20P-K pH meter (1: 2.5, H 2 O).
The diameter at breast height (DBH) of each stem was measured using a DBH tape (Sharma 2007) . The height of each stem was determined by using a Laser altimeter (SNINO-SL-700, USA). Five 5 m × 5 m sample plots in each 20 × 20 m plot were established along the diagonal, and all sample plots were inventoried to determine the height and density of shrubs and herbs (Jia. 2009 ).
Data analysis
Repeated measures ANOVA was used to test the effects of stand type, month, and their interaction on the total soil P, available P, APA, and MBP. We conducted post hoc tests to examine differences among means for significant results. The mean data of each variable for each stand were calculated from the 24 monthly measurements. All data analyses were performed by using SPSS 19.0 (SPSS Inc., Chicago, USA).
Results are reported as significant at p < 0.05.
Results
Stand and soil characteristics
The average stand density in PH-CR was significantly higher than in CR and PH stands. The average DBH in PH-CR was significantly higher than in PH stands, while significantly lower than in CR stands ( Table 1 ). The average height in PH-CR was significantly higher than in PH stands, but not significantly lower than in CR stands. Among all soil variables listed in Table 2 , only C and N concentrations differed among the three stand types. C and N concentrations were larger in PH-CR than in PH, and CR stands.
Dynamics of soil P and available P contents
Stand type and month affected total soil P and soil available soil P concentrations, and there was no interaction between stand type and month for either total soil P or available soil P concentration (Fig. 2) . The average total soil P concentration in PH was higher than in CR and PH-CR stands (Table 3 ). Despite differences in quantity, total soil P concentration followed a similar seasonal pattern, with the highest value in summer (July) and the lowest value in winter (February 2015 and January 2016) (Fig. 2) . During the 2 years, P concentration remained the highest in PH stands, and the lowest in PH-CR stands except a few months in growing season (MaySeptember) during the second year. The average soil available P concentration in CR and PH was lower than that in PH-CR stands (Table 3) . Over the 2 years, soil available P concentration remained the lowest in CR stands, and the highest in PH-CR stands except a few months in the growing season (June-July) during the first year. PH-CR stands also displayed a greater fluctuation in soil available P concentration, with much lower observed values in June and July, when compared to both CR and PH stands. Soil available P concentration remained relatively stable over the 2 years in CR stands (Fig. 2) .
Changes of APA and MBP contents
Stand type and month affected soil APA and MBP concentrations, and there was no interaction between stand type and month (Fig. 3) . The average soil APA concentration in PH-CR was higher than in PH and CR stands (Table 3) . Similarly, the average soil MBP concentration in PH-CR was higher than in PH and CR stands (Table 3) . Over the 2 years, soil APA and MBP concentration remained highest in PH-CR and the lowest in PH stands (Fig. 3 ). Despite differences in quantity among different stand types, soil APA and MBP concentrations followed a similar seasonal pattern. The highest MBP values were observed in summer (July) and the lowest in winter (February). The highest APA values were observed in July 2015, 2016 in PH-CR stands, or in June 2015, 2016 in CR and PH stands, and the lowest APA values were observed in winter (February 2015 (February , 2016 ) regardless of stand type (Fig. 3) .
Discussion
Numerous studies have recently indicated that the invasion of moso bamboo (P. edulis) into neighboring forests is one of the most serious ecological problems in subtropical China Song et al. 2016 Song et al. , 2017 . We found that moso bamboo invasion significantly altered soil P status and dynamics. Although soil total P and available P were lower in CR stands when compared to PH stands, the invasion of moso bamboo into the adjacent CR stands further decreased total P concentration, but increased available P concentration. These CR Cryptomeria japonica pure forest, PH-CR Phyllostachys edulis-Cryptomeria japonica mixed forest (Cryptomeria japonica invaded by the bamboo), PH Phyllostachys edulis pure forest results indicated that P mineralization (e.g., available P) in CR stands was likely enhanced due to the invasion of moso bamboo. Similarly, Wu et al. (2008) also reported that moso bamboo invasion into broadleaf forests increased available N and P concentrations. However, our results on soil total P concentration contradicted previous studies. For example, Wu et al. (2008) reported that the soil total P did not change after the moso bamboo invaded the adjacent broad-leaves forests in Tianmushan of eastern China. This contradiction may be a result of different litter quality and stand/site conditions between broad-leaved forests (previous studies) and coniferous forests (our study). However, soil available P in the PH-CR stands showed a much greater seasonal fluctuation, with much lower values observed in June and July, while both CR and PH stand remained relatively stable (Fig. 2) . The higher total soil P along with lower available soil P during the growing season may be attributed to nutrient return by litter and P uptake by moso bamboo and other plants (Song et al. 2016 (Song et al. , 2017 . Given the significantly higher stand density, the large seasonal variation of both litter and dead fine root productions may have contributed to the great seasonal variation of soil total P observed in this study (Appendix Figs. 4 and 5) . Indeed, litter biomass peaked in April or May while dead fine root biomass peaked in June, which provided organic material for the decomposition and nutrient release in June and July. Furthermore, total P concentration in litters and dead fine roots peaked at the middle of the growing season in July, corresponding well to the peak in soil total P observed. Because the increase of soil APA may be an adaptation of plants to a low P environment (Yan et al. 2001) , it was not surprising that soil APA increased with decreasing total soil P concentration due to the invasion of moso bamboo into C. japonica stands. Previous studies reported that soil APA increased in a Carpinus pubescens and Eurycorymbus cavalerei mixed forest (Zhang et al. 2015) as well as in an old-growth monsoon evergreen broadleaf forest and a young Masson pine forest (Zheng et al. 2015) under low P environment.
Similar to soil APA, MBP concentration also increased significantly due to moso bamboo invasion. Although the decrease in total soil P in the invaded stands had likely contributed to the increase in soil APA and MBP, several other factors were also known to affect soil APA and MBP, including other soil properties, species composition, and management practices (Brookes et al. 1984; Dinkelaker and Marschner 1992; Xu et al. 2002; Tian et al. 2016 ). In addition to its effect in decreasing total soil P, the invasion of moso bamboo also altered species composition (Table 1 and Appendix Table 4) , which, in turn, could affect litter quantity and quality. Previous studies found that species composition significantly affected soil APA ) and MBP (Li et al. 2010) . Given that soil MBP is an important source of available P that directly equilibrates with soil available P, (Zhang 2003) and APA depends on soil available P (Hofmann et al. 2016) , the higher concentration of available P observed in PH-CR stands was likely caused by both stand composition and soil conditions altered by moso bamboo invasion.
Soils in tropical and subtropical China are severely deficient in P (Tian et al. 2010; Liu et al. 2013a) . Under this selective pressure, native species such as moso bamboo have Different lowercase letters indicate significant differences among stand types (p < 0.05) CR Cryptomeria japonica pure forest, PH-CR Phyllostachys edulis-Cryptomeria japonica mixed forest, PH Phyllostachys edulis pure forest, APA soil acid phosphatase activity, MBP soil microbial biomass phosphorus evolved to adapt to low P soils. Our results suggested that moso bamboo increased soil APA when invading into low phosphorus soils in C. japonica stands, resulting in its highefficient P utilization from low P environment. One mechanism for moso bamboo to adapt to the lower nutrient environment is to allocate more C to root growth. A previous study showed that the belowground C allocation of moso bamboo stands was higher than those in temperate coniferous and mixed forest stands (Isagi et al. 1997) . The fine root biomass in evergreen broad-leaves stands that were invaded by bamboo was threefold as high as that of uninvaded stands, suggesting that moso bamboo can greatly increase nutrient uptake by increasing its fine root biomass (Liu et al. 2013b) . A recent study also found that the invasion of moso bamboo into a mixed needle-and broad-leaved forest resulted in increases of root biomass, special root length, and lateral roots (Shen et al. 2016) . C. japonica is an exotic tree species introduced to Lushan (Liang et al. 2014) , where its plantations have been facing many problems, including low species diversity, simplified structure (monoculture with a poorly developed shrub and herb layer), and poor resistance to natural disturbances (Wan et al. 2008 ). For example, many C. japonica stands had been severely damaged during the 2008 snow storm. Therefore, the invasion of moso bamboo into C. japonica stands may have some significant ecological benefits, such as increasing species diversity, enhancing stand structure (Table 1 and  Appendix Table 4 ), and improving soil properties (unpublished data). Even if the invasion resulted in the eventual establishment of pure moso bamboo stands, it would still support a better species biodiversity than C. japonica pure stands (Appendix Table 4 ). Therefore, the invasion of moso bamboo into exotic C. japonica plantation may be encouraged at Lushan, especially considering that Lushan is a mountain with both biological and cultural significance.
Our study used a natural experiment approach to investigate the ecological consequence of moso bamboo invasion, focusing on soil P status and dynamics. We selected three similar sites each included a pure C. japonica stand, a pure moso bamboo stand, and a stand resulted from the invasion of moso bamboo into the pure C. japonica stand in the middle. Although we were unable to collect preinvasion soil data to demonstrate the similarity in soil conditions before the invasion, the mixed stands in our study were created due to the invasion of moso bamboo into C. japonica plantation. Given the immediate adjacency of the three studied stand types, it sounds reasonable to assume that the soil conditions would be rather similar among the three stand types at each location, at least between the pure C. japonica stand and the mixed stand, prior to the invasion. Therefore, we believe that the invasion of moso bamboo was largely responsible for the altered soil P status and dynamics observed in our study.
The increased soil available P (this study) and N (Li et al. 2017a) due to the invasion by moso bamboo could further promote the invasion of moso bamboo into C. japonica stands, which may partly explain the accelerated expansion of moso bamboo observed across its native range.
Our study indicated that moso bamboo invasion resulted in a favorable condition for the decomposition of the mixed moso bamboo and CR litter and dead fine roots. Fast decomposition of organic matter likely caused a decline in the soil total P concentration, but an increase in soil available P concentration in PH-CR stand. These changes would promote the activity of APA, which could further increase soil available P concentration. Also, the activation of soil P could promote microbial activities, further increasing the concentration of MBP. Given that P is the most limiting nutrient, the observed changes in soil P dynamics due to moso bamboo invasion would significantly alter the composition, structure, and function of the invaded forests in subtropical China.
Conclusion
The invasion of moso bamboo (P. edulis) into neighboring C. japonica plantations significantly altered soil P status and dynamics. Soil available P concentration, soil acid phosphatase activity (APA), and soil microbial biomass phosphorus (MBP) concentration were significantly higher while soil total P concentration was significantly lower in moso bamboo-invaded stands compared to their adjacent pure stands of either moso bamboo or C. japonica. The increase in soil available P suggested that the invasion of moso bamboo promoted P mineralization while the increase in APA suggested that the invasion also resulted in higher P use efficiency. Table 4 The composition of the dominant species (quantities greater than 500 hm 
